We present an analysis of 55 central galaxies in clusters and groups with molecular gas masses and star formation rates lying between 10 8 − 10 11 M and 0.5 and 270 M yr −1 , respectively. Using Chandra X-ray observations, we have calculated hydrostatic mass profiles, fully accounting for the central galaxy. We have derived acceleration profiles, atmospheric temperature, density, and other thermodynamic variables. Molecular gas mass is correlated with star formation rate, Hα line luminosity, and central atmospheric gas density. Molecular gas is detected only when the central cooling time or entropy index of the hot atmosphere falls below ∼1 Gyr or ∼35 keV cm 2 , respectively, at a (resolved) radius of 10 kpc. These correlations indicate that the molecular gas condensed from hot atmospheres surrounding the central galaxies. The depletion timescale of molecular gas due to star formation approaches 1 Gyr in most systems. Yet ALMA images of roughly a half dozen systems drawn from this sample suggest the molecular gas formed recently and is in a transient state. We explore the origins of thermally unstable cooling by evaluating whether molecular gas becomes prevalent when the minimum of the cooling to free-fall time ratio (t cool /t ff ) falls below ∼ 10. We find: 1) molecular gas-rich systems instead lie between 10 < min(t cool /t ff ) < 25, where t cool /t ff = 25 corresponds approximately to cooling time and entropy thresholds t cool 1 Gyr and 35 keV cm 2 , respectively, 2) min(t cool /t ff ) is uncorrelated with molecular gas mass and jet power, and 3) the narrow range 10 < min(t cool /t ff ) < 25 can be explained by an observational selection effect. These results and the absence of isentropic cores in cluster atmospheres are in tension with "precipitation" models, particularly those that assume thermal instability ensues from linear density perturbations in hot atmospheres. Some and possibly all of the molecular gas may instead have condensed from atmospheric gas lifted outward either by buoyantly-rising X-ray bubbles or merger-induced gas motions.
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Some of the largest reservoirs of molecular gas are found in central cluster galaxies, which are the most massive elliptical-like galaxies known. These galaxies, dubbed brightest cluster galaxies (BCGs), lie at the centres of galaxy clusters and groups. Clusters and groups are embedded in hot, tenuous atmospheres whose temperatures lie between 10 7−8 K. Their central cooling times are often less than the Hubble time. The galaxies lying at their centers are expected to accumulate molecular gas that has condensed from the atmospheres (Fabian 1994) . Searches for this accumulated cool gas in clusters have covered a broad range of temperatures: soft X-ray emission (Peterson et al. 2003) , ionized gas at 10 5.5 K (Bregman et al. 2006) , ionized gas at 10 4 K (Crawford et al. 1999) , neutral gas at 10 3 K (O' Dea et al. 1998 ), warm molecular hydrogen gas at 1000-2500 K (Edge et al. 2002) , and cold molecular hydrogen gas at 20-40 K (Edge 2001; Salomé & Combes 2003) . Of these components, cold molecular hydrogen (which we refer to as molecular gas from here on), with masses lying between 10 9−11 M far outweighs the others. Early searches for molecular gas in clusters resulted in H 2 upper limits of ∼ 10 8−10 M (Bregman & Hogg 1988; Grabelsky & Ulmer 1990; Mc-Namara & Jaffe 1994; O'Dea et al. 1994 ) and one detection in NGC1275 centered in the Perseus cluster (Lazareff et al. 1989; Mirabel et al. 1989) .
A breakthrough came with the detection of molecular gas in the central galaxies of twenty cooling clusters (Edge 2001; Salomé & Combes 2003) using IRAM 30m and JCMT 15m telescope observations of clusters selected from the ROSAT ALL-Sky Survey (Crawford et al. 1999) . Although the molecular gas reservoirs are large, they account for less than 10% of the mass expected from pure cooling models (Edge & Frayer 2003) , indicating that cooling is suppressed. Observations have since shown that radio-mechanical feedback from the active galactic nuclei (AGN) hosted by the BCG is the most plausible heating mechanism. In response to the cooling of the ICM, the AGN launches radio jets that inflate cavities and spawn shock waves in the surrounding atmospheres. The heat dissipated in the surrounding atmosphere via sound waves, shocks, turbulence, and cosmic rays nearly balance cooling (see reviews , 2012 Fabian 2012 ). Molecular gas is an essential element of feedback as it potentially links the fuel powering the AGN to the atmosphere that spawned it (Gaspari et al. 2012; Pizzolato & Soker 2005; McNamara et al. 2011) .
In this paper, we investigate the origin of molecular gas in BCGs. Systems with nebular emission and recent star formation, both indirect tracers of molecular gas, are preferentially found in cluster atmospheres with short central cooling times, 1 Gyr, and low entropy indices, 30 keV cm 2 , (Cavagnolo et al. 2008; Rafferty et al. 2008 ). This cooling time threshold likely results from the onset of thermal instability at the centers of hot atmospheres (Nulsen 1986; Pizzolato & Soker 2005) . Some have suggested thermal instability ensues when the ratio of the cooling to free-fall time timescales t cool /t ff falls below ∼10 (Singh & Sharma 2015; McCourt et al. 2012; Gaspari et al. 2013; Prasad et al. 2015; Li et al. 2015) . However, McNamara et al. (2016) and Hogan et al. (2017b) showed that this ratio is statistically governed almost entirely by the cooling time and not the free-fall time, casting doubt on this ratio as a useful thermodynamic parameter. Furthermore they showed, as we do here, that t cool /t ff never falls significantly below 10 in BCGs, which is problematical for "precipitation" models that assume thermal instability arises from linear density perturbations.
New observations made with the Atacama Large Millimeter Array (ALMA) have resolved the molecular clouds in more that a half dozen systems Russell et al. 2014; David et al. 2014; Russell et al. 2016b,a; Vantyghem et al. 2016) . In several systems, the molecular clouds lie in filamentary distributions located beneath the X-ray bubbles, indicating a direct link between molecular clouds and the AGN feedback process. Unlike spiral galaxies, the molecular clouds in BCGs rarely lie in disks or rings. These studies indicated that molecular gas is being lifted, or condensing, in the wakes of rising X-ray bubbles. McNamara et al. (2016) proposed an alternative model where low entropy gas becomes thermally unstable when it is lifted to an altitude where its cooling time is much shorter than its infall time, t cool /t I 1. Here the infall timescale, t I , is determined by the slower of the free-fall speed and the terminal speed of thermally unstable (see also Pizzolato & Soker (2005) ).
Motivated by these considerations, we present an analysis of 55 giant elliptical galaxies situated in the cores of clusters and groups from which 33 are detected with molecular gas. Section 2 describes the sample consisting of systems observed with the IRAM 30m telescope. Section 3 describes the analyses taken to derive the molecular gas mass, ICM properties from Chandra X-ray data, and cluster mass profiles following the procedure of Hogan et al. (2017a) . Section 4 and 5 present the results of these analyses and discussions regarding the connection of molecular gas with properties of the ICM and AGN.
Throughout this paper, we have assumed a standard ΛCDM cosmology with Ω m = 0.3, Ω Λ = 0.7, and H 0 = 70 km s −1 Mpc −1 .
2. DATA SAMPLE Our sample is composed of 55 central dominant galaxies drawn from the CO surveys of Edge (2001) , Salomé & Combes (2003) , and others observed since these publications with the IRAM 30m by Edge et al. (prep) . The sample was selected by a combination of properties including substantial mass cooling rate, and nebular emission (Crawford et al. 1999) . The correlation between molecular gas mass and Hα luminosity was previously found by Edge (2001) and Salomé & Combes (2003) , and is apparent in our sample as shown in Figure 1 . We complement these earlier CO studies with X-ray data drawn from the Chandra Data Archive by deriving mass profiles and other thermodynamic properties. Coordinates and X-ray observation properties for our sample are summarized in Tables 2 and 3 , respectively. Our sample includes 33 systems detected in CO with derived molecular gas masses in the range ∼ 10 8−11 M , and 22 systems with CO upper limits. Because our sample is not complete in a volume or flux limited sense, we avoid discussion of issues that may be affected by this bias. Nevertheless, the sample represents the properties of systems over a four decade range of nebular luminosity and a three decade range of molecular gas mass (Figure 1 ).
ANALYSIS
We investigate the plausibility that molecular gas is condensing from hot atmospheres and is fueling star formation and AGN activity in central galaxies. We explore the properties of the surrounding hot atmospheres and their relationship to the molecular gas observed in central galaxies. Section 3.1 discusses the molecular gas mass measurements and describes the analysis of Chandra X-ray analysis of the surrounding hot atmospheres. Cluster mass profiles were measured using Chandra Xray and 2MASS infrared data as shown in Section 3.3.
Molecular Gas Mass
All objects in our sample were observed with the IRAM 30m telescope. The cold molecular gas masses for several objects were taken from Edge (2001) and Salomé & Combes (2003) , but corrected for a cosmology assuming H 0 = 70 km s −1 Mpc −1 . Molecular gas masses for the remaining 26 objects were calculated using recent CO observations from Edge et al. (prep) . CO detection for H1821+643 has also been made by Aravena et al. (2011) corresponding to a molecular gas mass of ∼ 8.0×10
9 M . We calcuated a molecular gas mass of ∼ 1 × 10 10 M using line intensity from Edge et al. (prep) , and we use this value for our analysis.
Line intensities taken from Edge et al. (prep) were determined from measured antenna temperatures and velocity widths found from Gaussian fits to the CO spectra. For the IRAM 30m telescope, these were converted to integrated flux density S CO ∆ν using the following:
where I CO is in units of K km s −1 and z is the redshift of the source. Integrated flux density in CO(2-1) or CO(3-2) was converted to an equivalent flux density in CO(1-2) assuming flux ratios CO(2-1)/CO(1-0) = 3.2 (David et al. 2014 ) and CO(3-2)/CO(1-0) = 7.0 (Russell et al. 2016a) . To translate integrated flux density in CO(1-0) directly to molecular gas mass we use the formulation taken from Bolatto et al. (2013) :
where X CO is the CO-to-H 2 conversion factor, D L is the luminosity distance in Mpc. Molecular gas mass is sensitive to X CO which is not universal. We adopt the Galactic value X CO = 2×10 20 cm −2 (K km s −1 ) −1 with ±30% uncertainty following Bolatto et al. (2013) and previous studies of BCGs in cool core clusters (Edge 2001 ; Sa- Note. -Molecular gas mass derived from IRAM observations shown above were calculated using data from Edge et al. (prep) Russell et al. 2014; McNamara et al. 2014; Russell et al. 2016a; Vantyghem et al. 2016 ). This value is the mean conversion factor in the Milky Way galaxy. It is lower in the Galactic centre and higher at large radii. This X CO value can be approximately applied down to metallicities of ∼0.5Z (Bolatto et al. 2013) . The mean metallicity measured for the innermost regions of the objects in our sample is 0.66 ± 0.38 Z . Therefore, adopting the Galactic value of X CO is reasonable.
Observations with the Atacama Large Millimeter Array (ALMA) have resolved the spatial and velocity structure of the molecular clouds in several objects in this sample. The molecular gas masses inferred from the IRAM and ALMA observations for the overlapping sample are compared in Table 1 . The molecular gas masses inferred from the CO(1-0) transition are generally larger for IRAM observations, suggesting the ALMA observations may have resolved away a fraction of extended CO emission. However, the quality of the ALMA data is superior to the single dish IRAM data, and the measurements from the instruments are consistent to within their uncertainties. Nevertheless, it is reassuring that the two instruments are giving broadly consistent results.
X-ray Data Properties
The event data for all observations were obtained from the Chandra Data Archive (CDA). Each observation was reprocessed using the chandra repro script with ciao version 4.7.
Events with bad grades were removed and background light curves were extracted from the level 2 event files. The events were filtered using the lc clean routine of M. Markevitch to identify and remove time intervals affected by flares. Blank-sky backgrounds were extracted using caldb version 4.6.7 for each observation, reprocessed identically to the event files, and normalized to match the 9.5-12.0 keV count rate in the observations. Calibrated event 2 files (and blank-sky backgrounds) were reprojected to match the position of the observation with the highest clean exposure time. Point sources were identified using wavdetect (Freeman et al. 2002) , which were visually inspected and then excluded from further analysis.
Spectra were extracted from concentric annuli forming spherical shells using ciao and binned to a minimum of 30 counts per channel. Following Hogan et al. (2017a) , we have taken the location of the BCG as the centre for our concentric annuli. To ensure that atmospheric temperature is measured accurately in deprojection, annuli were created with a minimum of ∼3000 net projected counts, with the number per annulus growing with increasing radius. Weighted redistribution matrix files (RMFs) and weighted auxiliary response files (ARFs) were created for each spectrum using the mkacisrmf and mkwarf, respectively. Lastly, the loss of area to chip gaps and point source extraction regions was corrected in the spectra. These spectra were then deprojected using a geometric routine dsdeproj described in Sanders & Fabian (2007) and Russell et al. (2008) .
3.2.1. Spectral Fitting and Modelling the ICM Spectra were modeled with an absorbed single temperature phabs(mekal) thermal model (Mewe et al. 1985 (Mewe et al. , 1986 Kaastra 2015; Liedahl et al. 1995; BalucinskaChurch & McCammon 1994 ) using xspec version 12.8.2 (Arnaud 1996) . Abundances, anchored to the values in Anders & Grevesse (1989) , were allowed to vary in the spectral fits. The hydrogen column density N H was frozen to the value of Kalberla et al. (2005) unless the best fit value was found to be significantly different. Fitting the spectra with the phabs(mekal) model yields values for temperature, metallicity, and xspec norm:
where z is redshift, D A is the angular distance to the source, n e and n H are the electron and hydrogen number densities, respectively. Augmenting the previous model to phabs*cflux(mekal), we integrate the unabsorbed thermal model between 0.1 − 100 keV and obtain an estimate for the bolometric flux of the X-ray emitting region.
Thermodynamic Properties of the Hot Atmosphere
Electron density was computed using the normalization parameter of the thermal model. Assuming hydrogen and helium mass fractions of X = 0.75 and Y = 0.24, we find n e = 1.2n H (Anders & Grevesse 1989) . Taking n e and n H to be constant within each spherical shell, the electron density was computed from equation 3. Bolometric flux of the X-ray emitting region was converted to luminosity L X . Pressure and entropy index were computed as P = 2n e kT and K = kTn −2/3 e , respectively. In a spherical shell of volume V, the cooling time of the ICM was computed as
where Λ(Z, T) is the cooling function as a function of metallicity Z and temperature T. In a shell with electron density n e , gas density was computed using ρ g = 1.2n e m p where m p is the mass of a proton. Finally, to obtain a radial gas mass distribution, gas density profiles were integrated in a piecewise manner from the centre of the cluster.
3.3. Mass Profiles Hydrostatic mass profiles were derived and used to determine gravitational free-fall times and total cluster mass. We adopted the mass model presented in Hogan et al. (2017a) . The model is composed of an NFW potential and a central cored isothermal potential representing the central galaxy,
where ρ 0 is the characteristic gas density, r s is the scale radius of the NFW component, σ is the stellar velocity dispersion, and r I is the scale radius of the isothermal component. The NFW profile (Navarro et al. 1997 ) has been found to capture the total gravitating mass of clusters on large scales reasonably well (e.g Pointecouteau et al. 2005; Vikhlinin et al. 2006; Schmidt & Allen 2007; Gitti et al. 2007; Babyk et al. 2014; Main et al. 2015) . However, the NFW profile alone underestimates the inferred mass from the observed velocity dispersion of stars in cluster cores (Fisher et al. 1995; Lauer et al. 2014) . The gravitational potential is dominated by the stellar component in the innermost 10-20 kpc (Li & Bryan 2012) . The isothermal component of this model accounts for the stellar mass of the central galaxy. This combined NFW and cored isothermal potential, dubbed isonfwmass, is implemented as an extension in the xspec package clmass ). X-ray spectra derived from Chandra data are fitted with this model, which assumes that the cluster is spherically symmetric and the gas is in hydrostatic equilibrium. To obtain a stable fit, Hogan et al. (2017a) set the r I parameter to an arbitrarily small but non-zero value and the σ parameter frozen to an inferred stellar velocity dispersion σ * derived from 2MASS isophotal K-band magnitudes m k20 measured within the isophotal radius r k20 .
To determine the uncertainties of these quantities, we have utilized the chain command in xspec to generate a chain of sets of parameters via a Markov Chain Monte Carlo (MCMC) method. A chain length of 5000 was produced from which we adopted the standard deviation as the uncertainty of ρ 0 , r s , and mass profiles. Table 4 shows the fitted parameters for our mass profiles. The free-fall times t ff and total cluster mass proxy M ∆ were then computed as follows:
where g is the acceleration due to gravity and ∆ = 2500. The values of M 2500 and R 2500 were determined from the combined NFW and isothermal profiles by numerically solving equation 7. 
AGN Mechanical Power
Cavity powers were obtained from the literature for as many objects in our sample as possible (see Table 5 for references). Cavities inflated by radio-emitting jets from the central AGN allow a direct measurement of the mechanical energy output of the AGN. Assuming the cavities are in pressure balance with the surrounding atmosphere, the mean jet power required to create a cavity filled with relativistic gas is at least
where V is the volume of the cavity, P is the surrounding pressure, and t age is the age of the cavity, estimated by using the cavity's buoyancy time (time required for the cavity to rise buoyantly at its terminal velocity). In total we found cavity power measurements from literature for 27 objects in our sample. A less reliable method for probing the mechanical output of an AGN is to use a correlation between its radio luminosity and cavity power. We derive mechanical power inferred from the AGN's radio luminosity using (Bîrzan et al. 2008) log P mech = (0.48 ± 0.07) log L radio + (2.32 ± 0.09) (9) where the total radio luminosity was calculated by integrating the flux between ν 1 = 10 MHz and ν 2 = 5000 MHz as
following Bîrzan et al. (2004) . We used a spectral index of α ≈ 0.75 assuming a power-law spectrum S ν ∼ ν −α . We have taken the ν 0 =1400 MHz flux reported in the NRAO VLA Sky Survey (NVSS) Catalog (Condon et al. 2002) . Table 5 shows the mechanical power inferred from radio luminosities for objects in our sample.
4. RESULTS 4.1. Cooling Time and Molecular Gas In this section, we investigate whether and how the cooling time of the atmosphere is related to the molecular gas found in the central galaxies. Star formation and nebular emission in central galaxies ensues when the cooling time falls below ∼ 10 9 yr, a phenomenon known as the cooling time threshold (Rafferty et al. 2008; Cavagnolo et al. 2008; Hogan et al. 2017b) . As star formation is strongly coupled to molecular gas mass, we study the relationship between molecular gas and cooling time.
Molecular gas mass is plotted against central cooling time in the left panel of Figure 2 . Because we have more than one molecular gas mass estimate for some of the systems in our sample and that we favour the most recent CO data from Edge et al. (prep) , we plot the estimates calculated from CO line intensities taken from Edge et al. (prep) when available. Otherwise, we plot the recomputed estimates from Edge (2001) and Salomé & Combes (2003) .
Due to the large range in cluster distances the innermost bins do not sample the same linear diameters. This resolution effect is seen in Figure 3 , which shows the central cooling time against the mean radius of the innermost region, R mid = (R inner + R outer )/2. The plot shows a tendency to measure lower central cooling times with smaller R mid . This is consistent with the findings of Peres et al. (1998) and Hogan et al. (2017b) who observed a trend of reduced central cooling time with increased resolution for the sample as a whole. To account for this resolution bias the right panel of Figure 2 shows the cooling time at a single physical radius of 10 kpc. Those systems whose innermost regions have R mid > 10 kpc were extrapolated to 10 kpc using the linear slope of the first two points in the radial profile in log-log space. There are 8 such systems in our sample. Among these systems, the largest value found for R mid is 17.5 kpc. When cooling times are plotted at a standard altitude of 10 kpc in the right panel of Figure 2 , the distribution of cooling times narrows, so that cooling times falling below 2 × 10 8 yr are not observed. This shows that the larger variation in cooling time seen in the left panel is due to resolution.
The sudden jump in molecular gas mass seen in Figure 2 shows that molecular gas resides preferentially in systems with central cooling times lying below ∼1 Gyr. Central galaxies located in clusters with longer central cooling times contain less than ∼ 10 9 M of molecular gas. The molecular gas masses in central galaxies with atmospheric cooling times lying below 1 Gyr at 10 kpc rise dramatically to several 10 10 M . Molecular gas masses of this magnitude dramatically exceed those in gas-rich spirals like the Milky Way. Furthermore, we find a narrow spread in cooling time below ∼1 Gyr with a mean of 0.5 Gyr and a standard deviation of 0.2 Gyr. Figure 2 shows the same ∼ 1 Gyr cooling time threshold for the onset of molecular gas that has previously been found in Hα emission and star formation. This threshold suggests that molecular gas is linked to hot atmospheres with short cooling times, consistent with the hypothesis that molecular clouds in central galaxies condense from hot atmospheres.
The histogram of central cooling times (see the left panel of Figure 4 ) shows two classes of outliers in the cooling time plot: (1) The system Abell 1060 with long central cooling time yet with detectable levels of molecular gas, and (2) eleven systems with short central cooling times but only upper limits to their molecular gas masses. The latter imply that a short cooling time does not guarantee the detection of molecular gas via CO emission. We consider these exceptions in turn.
Consistent with our findings, Abell 1060 was previously classified a "weak" cool core (1 Gyr < t cool < 7.7 Gyr, Mittal et al. 2009 ). Accordingly, its molecular gas mass 1.2 × 10 8 ± 0.4 M is the lowest of the sample. As expected this value lies at the low end of the range of molecular gas typically observed in central galaxies (∼10 8−11 M mol , Edge 2001; Salomé & Combes 2003) , but well into the regime of molecular gas observed in normal elliptical galaxies (∼10 7−9 M mol Young et al. 2011) . Abell 1060 may have accumulated its molecular gas through a merger or perhaps through atmospheric cooling at an earlier time when its atmosphere was denser or AGN feedback was less effective. The origin of molecular gas in elliptical galaxies is poorly understood. It may originate from both external (from another galaxy) and internal (stellar mass loss) processes (Young et al. 2011) .
Next, we address systems with short cooling times lacking CO detections. In the left panel of Figure 4 , the detections (black) and non-detections (blue) occupy similar distributions in t cool . A Kolmogorov-Smirnov (K-S) test gives a p-value of 0.22, which is too large to reject the null hypothesis that they were drawn from the same parent distribution. It is then possible and even likely that molecular gas is present but falls below the detection limit of the IRAM 30m observations. The right panel of Figure 4 shows molecular gas mass plotted against redshift. The dashed line represents the molecular mass limit that can be achieved from our CO(1-0) observations with the IRAM telescope. Due to this detection limit, molecular clouds with CO(1-0) line emission below this curve will not be detectable. The distribution of upper limits is consistent with the detections, indicating that these objects likely contain substantial levels of molecular gas that lie below our detection limits. Alternatively, their molecular gas levels may be suppressed, perhaps due to AGN feedback. The connection between molecular gas and AGN feedback will be explored further in Section 5.2.
Correlations Between Thermodynamic
Parameters and Molecular Gas Understanding the relationship between the hot atmosphere and molecular gas is one of the goals of this paper. We have investigated the dependence of molecular gas mass with atmospheric temperature, density, and entropy in Figure 5 . The quantities are evaluated at 10 kpc to avoid resolution bias. While we find no obvious correlation between molecular gas mass and temperature, molecular gas mass and atmospheric density are strongly correlated. We find the best fit for the systems with CO detections only to be (R 2 = 0.60) log M mol = (1.99 ± 0.51) log n e + (12.22 ± 0.70) (11) The trend shows that molecular gas mass increases with atmospheric gas density, consistent with an atmospheric origin for the molecular gas. Discussed in more detail in Section 5.2, higher ICM densities require greater heating to offset radiative cooling, hence a larger pool of molecular gas to feed the AGN. Histogram of the cooling times at 10 kpc. Grey bars denote clusters detected in CO while blue bars denote nondetection. Right: Molecular gas mass vs. redshift. The dashed curve represents the molecular mass limit that can be derived from CO(1-0) observations with the IRAM 30m telescope assuming a typical 300 km s −1 linewidth and main beam temperature detection limit of 0.5 mK. The molecular gas mass for the two systems below this curve were derived from CO(3-2) observations. Black symbols denote systems observed with CO emission while blue symbols denote upper limits. The trend between molecular gas mass and entropy (K = kTn −2/3 e ) shown in the third panel of Figure 5 shows that molecular gas is found in large quantities only in systems when the entropy falls below ∼ 35 keV cm 2 . The only outlier yet again is Abell 1060 as discussed earlier. Like cooling time, a low entropy atmosphere does not guarantee a detection of molecular gas. Furthermore, a narrow spread is observed in the entropy distribution below ∼35 keV cm 2 with a mean of 17 keV cm 2 and standard deviation of 7 keV cm 2 . These characteristics mirror those found for cooling time alone.
4.3. Ratio of Cooling to Free-fall Time Atmospheric gas should become unstable to cooling when its ratio of the cooling to free-fall time (t cool /t ff ) falls below ∼1 (Nulsen 1986; McCourt et al. 2012 ). This criterion may rise above 10 in real atmospheres Gaspari et al. 2012 Gaspari et al. , 2013 , which we investigate here. Our analysis closely mirrors that of Hogan et al. (2017b) , who adopted nebular emission rather than CO to trace cold gas. Likewise our results and conclusions are similar.
The left panel of Figure 6 shows molecular gas mass plotted against the cooling time of the atmosphere at the radius, R min , where the minimum ratio of t cool /t ff is found. The spread of cooling time for objects detected with molecular gas has a mean µ 0.46 Gyr and standard deviation σ 0.19 Gyr.
The right panel is similar but the cooling time is divided by the free-fall time at R min . Objects with de-tectable levels of molecular gas lie in the interval 10 min(t cool /t ff ) 25. The cutoffs on the high and low end of this range are abrupt. The discontinuity at 25 corresponds roughly to the 1 Gyr threshold in cooling time found here and in Rafferty et al. (2006) and Cavagnolo et al. (2008) . The lower cutoff at 10 is similar to that found by Hogan et al. (2017b) and . Two to four points fall just below 10 in this figure but not significantly below when noise in the t cool /t ff profile is taken into account (Hogan et al. (2017b) , but see Prasad et al. (2015) .)
With a mean of 13.8 and a standard deviation of 4.6, the distribution of t cool /t ff < 25 appears narrower than the distribution of t cool alone. This narrowing suggests that that the free-fall time is contributing an observable and perhaps physical effect on the onset of thermally unstable cooling.
However, the narrow spread of min(t cool /t ff ), found also by Hogan et al. (2017b) , can be attributed to a resolution bias. To demonstrate this bias, the minimum value of the ratio is plotted against its numerator and denominator in Figure 7 . The points are color coded by the value of R min .
This figure reveals two key points: First, min(t cool /t ff ) is positively correlated with its numerator and denominator. The coefficients of determination, R 2 , are 0.82 and 0.35, respectively. The stronger correlation with cooling time is evident over the entire range of min(t cool /t ff ). Conversely, the correlation with free-fall time vanishes for min(t cool /t ff ) < 35, where cooling is strongest. These trends show that t cool is primarily determining the min(t cool /t ff ) ratio. McNamara et al. (2016) and Hogan et al. (2017b) reached the same conclusion.
Secondly, the measured value of min(t cool /t ff ) correlates with R min . This trend is seen clearly in right panel of Figure 7 where we plot the numerator against the denominator of min(t cool /t ff ) with points color-coded by R min . For a given value of min(t cool /t ff ), a large numerator is offset by a large denominator and conversely so. In other words, the narrow distribution of min(t cool /t ff ) is plausibly explained by a resolution bias. Shorter cooling times are alway measured closer to the nucleus where the free-fall time is likewise shorter. The converse is also true. The upshot is that min(t cool /t ff ) is condemned to lie in a narrow range because of how it is defined. A similar conclusion was reached by Hogan et al. (2017b) . Hogan et al. (2017b) also considered the possibility that the minimum in the t cool /t ff profiles may actually be a floor, rather than a clear minimum with an upturn at smaller radii. When the mass profile is approximately isothermal and the entropy profile follows a power-law slope of K ∝ r 2/3 in the inner region, t cool /t ff ∝ 1/[Λ(kT) 1/2 ] is found (Hogan et al. 2017b ). This expression is independent of radius suggesting that the upturns observed in t cool /t ff profiles are produced by density inhomogeneities along the line of sight (Hogan et al. 2017b ).
In summary, we preferentially observe objects with molecular gas when the cooling to free-fall time ratio lies in the narrow range 10 min(t cool /t ff ) 25. The upper bound corresponds to the ∼ 1 Gyr cooling time threshold; no object falls significantly below 10. The narrow spread can be attributed to resolution bias, although a physical origin cannot be ruled out.
Does Thermally Unstable Cooling Ensue When
t cool /t ff 10? Thermally unstable cooling in a stratified, planeparallel atmosphere is thought to occur when the ratio of the local cooling time to free-fall time, t cool /t ff , falls below unity . Recent studies have suggested that this ratio rises above unity in realistic, three dimensional atmospheres Singh & Sharma 2015; Gaspari et al. 2012; Li et al. 2015; Prasad et al. 2015; Lakhchaura et al. 2016) . For example, found that nebular emission became prevalent in systems where 4 min(t cool /t ff ) 20. Numerical feedback simulations by Li et al. (2015) found that atmospheres become thermally unstable when 1 min(t cool /t ff ) 25. These studies suggest that those systems with t cool /t ff lying below 10 are rapidly cooling into molecular clouds, while the atmospheres of those lying above 10 are stabilized by AGN feedback (Voit et al. 2017; Gaspari et al. 2012) .
The measurements shown in Figure 6 are broadly consistent with this statement. There is little doubt that the molecular clouds formed from thermally unstable cooling. But significant and consequential issues remain:
• First, the cycling of heating and cooling that may lead to large fluctuations in central atmospheric gas density and cooling time is not observed here or by Hogan et al. (2017b) . Because the gravitational potentials are fixed, only the cooling time may be varying. Our data show the cooling time varies much less than contemplated by Li et al. (2015) and Voit et al. (2017) . For example, over the course of their 6 Gyr simulation, Li et al. (2015) found that this ratio falls below 10 about one-fifth of the time. We would then expect that of the 55 clusters observed here, roughly 10 should lie below min(t cool /t ff ) < 10. This number would increase to 20 were we to include the Hogan et al. (2017b) sample. Only two to four objects fall just below 10, and no object falls significantly below. This discrepancy is unlikely due to sampling bias. We have explored a wide range of AGN power (10 42−46 erg s −1 ), halo mass (M 2500 ∼ 10 13−14 M ), molecular gas mass (10 8−11 M ), and redshift (z ∼ 0 − 0.4). We should be sampling the entire feedback cycle of heating and cooling contemplated by Li et al. (2015) and others. The upshot is that our measurements are in tension with models that assume molecular gas forms from local thermal instability growing from linear density perturbations Sharma et al. 2012) . Figure 6 shows that systems rich in molecular gas lie in the range 10 < t cool /t ff < 25, the regime where atmospheres are expected to be thermally stable (Gaspari et al. 2012 ). Nevertheless, ALMA observations of many systems indicate that molecular gas is condensing currently on a timescale shorter than the free-fall timescale. Many cluster simulations show large temperature, density, and entropy fluctuations in response to Minimum cooling to free-fall time plotted against its numerator and denominator for our sample. The red and black dashed lines are linear fit in log-log space to the numerator and denominator against the ratio, respectively. Right panel: The numerator plotted against denominator of the min(t cool /t ff ) ratio. In both plots, the points are color-coded by the radius at which the minimum of the min(t cool /t ff ) occurs. AGN activity that damp away over several tens to hundreds of Myr. However, in real clusters, feedback is unrelenting. Cluster atmospheres would not settle before the next significant AGN outburst. Feedback is a gentle process. Host atmospheres remain remarkably stable throughout the feedback cycle and over large variations in jet power Hogan et al. 2017b) . Simulations have begun to incorporate this into feedback models (Sijacki et al. 2007; Gaspari & Sadowski 2017) . Solving this problem will surely lead to new insights into the subtlety of self regulation.
• All systems with molecular gas detections lie in the narrow range 10 min(t cool /t ff ) 25. We find no indication that atmospheres hosting systems with the largest molecular gas reservoirs lie preferentially at the low end, and presumably more thermally unstable end, of min(t cool /t ff ). The most powerful jets are not associated with larger molecular gas reservoirs (Fig. 9) , nor does jet power correlate with higher values of min(t cool /t ff ) ( Figure  10 ).
The most general observation that can be made is that thermally unstable cooling ensues when the cooling time of the atmosphere drops below ∼ 1 Gyr, or min(t cool /t ff ) 25, or K 35 keV cm 2 . Measurements provide no further indication of the role the free-fall time plays, as the value of the ratio is driven almost entirely by the cooling time Hogan et al. 2017b ).
• Apart from one object, Hydra A (Hamer et al. 2014) , ALMA observations have found little evidence for large-scale molecular gas disks (Russell et al. (2017) and references cited there) envisioned by the cold chaotic accretion model (Gaspari et al. 2012) or the precipitation model (Li et al. 2015) .
• Finally, the Voit et al. (2017) precipitation model assumes cluster entropy profiles become isentropic (constant entropy) in their centers, where t cool /t ff 10. In this model, the absence of an entropy gradient in the isentropic core promotes thermally unstable cooling without the aid of uplift from the radio AGN. Isentropic cores are rare. Panagoulia et al. (2014) and Hogan et al. (2017b) found no evidence for isentropic cores in clusters. Instead, the entropy profiles scale approximately as K ∝ r 2/3 in the inner few tens of kpc. Hogan et al. (2017b) pointed out that this scaling naturally leads to a t cool /t ff profile that reaches a constant in the inner few tens of kpc. This is certainly the region most prone to thermally unstable cooling. Precipitation in non-isentropic cores may be stimulated by uplift (Voit et al. 2017) , which is consistent with ALMA observations. Origin of Cold Gas Molecular gas in early-type galaxies rarely rises above ∼ 10 8 M (Young et al. 2011) . However, many central cluster galaxies are exceptionally rich in molecular gas, with masses approaching ∼ 10 11 M in some instances. Studies have shown that nebular emission and star formation in central galaxies are correlated with short central cooling times of the hot intracluster medium. For example, systems with Hα emission and blue continuum emission have been preferentially detected with central cooling times 1 Gyr and entropy index 30 keV cm K ionized gas and recent star formation, respectively, CO emission probes the gas directly fueling star formation and AGN. Molecular gas drives galaxy and black hole co-evolution. If the molecular clouds have indeed cooled from hot atmospheres, mass continuity dictates that their hot reservoirs must be significanly more massive than the molecular reservoirs in central galaxies.
On the left panel in Figure 8 , we plot molecular gas mass against the surrounding atmospheric mass observed in the inner 10 kpc, where most of the molecular gas is seen by ALMA. Two features are seen in this plot. First, the atmospheric mass is positively correlated with the molecular gas mass. Second, in most instances the atmospheric mass exceeds the molecular gas mass. Taking the atmospheric gas mass within the beam (right panel of Figure 8 ), the average fraction of cold to hot gas within the beam is 0.18 on average. This trend is consistent with the density trend shown in Figure 5 . Both are plausible with the molecular gas having cooled from the hot atmosphere. In some cases, such as Abell 1835, the molecular gas mass exceeds the atmospheric mass in its vicinity. The single dish beam of IRAM for A1835 is roughly 104 kpc and measures a molecular to atmospheric gas ratio of 6.5 × 10 10 M / 1.1 × 10 12 M ≈ 0.06. However, within 10 kpc of its BCG, ALMA observations measures this ratio to be 5 × 10 10 M / 1.12 × 10 10 M ≈ 4.46. In the few cases where this is true, the gas likely cooled from larger radii or has lingered over time. On the whole, these trends would be difficult to explain by an external origin, such as a merger or stripping from a plunging galaxy.
The left panel of Figure 9 plots the depletion timescale for star formation to consume the molecular gas. The median depletion timescale is ∼1 Gyr (see also O'Dea et al. (2008) ). Taken at face value, the depletion timescales indicated long-lived star formation. Longlived star formation is in tension with the molecular gas kinematics, discussed below. .
5.2.
A Relationship Between Molecular Gas and AGN Feedback? AGN power roughly balances energetically the radiative losses from the atmospheres (e.g. Bîrzan et al. (2004) ). This balance can be maintained only if accretion onto the black hole responds promptly to a change of atmospheric state. Accretion from the hot atmosphere surrounding the nuclear black hole should occur at some level (Allen et al. 2006) . Bondi accretion alone would be insufficient to fuel the most powerful AGN if their nuclear black hole masses follow the M − σ relation (Rafferty et al. 2006; McNamara et al. 2011; Hardcastle et al. 2007; Narayan & Fabian 2011) . On the other hand, molecular gas is abundant and could easily supply the fuel, found here and elsewhere (Pizzolato & Soker 2005; Gaspari et al. 2012; Li & Bryan 2014; Prasad et al. 2015) .
Assuming hot atmospheres are stabilized by AGN feedback, higher atmospheric gas densities would require higher heating levels. Furthermore, systems with higher atmospheric gas densities would likewise require larger molecular gas reservoirs to fuel AGN (middle panel of Figure 5 ). We would then expect molecular gas mass to correlate with AGN power.
The right panel of Figure 9 reveals no strong correlation between these quantities. We instead observe a three decade scatter in AGN power for a given molecular gas mass. Taken at face value, this figure is inconsistent with molecular gas fueling of AGN feedback. However, in a similar analysis, McNamara et al. (2011) pointed out that only a small fraction of the molecular gas near the nucleus would be required to fuel the AGN at the observed power levels. The single dish masses given here are sensitive to molecular gas spread over tens of kiloparsecs. Therefore these measurements do not have the spatial sensitivity to reveal such a correlation should it exist. Nevertheless, such a correlation should exist and should be pursued with high resolution ALMA measurements.
5.3. Molecular Gas Stimulated by Uplift? Molecular gas maps of more than a half dozen systems show a surprising level of complexity (Salomé & Combes 2003; David et al. 2014; McNamara et al. 2014; Russell et al. 2014 Russell et al. , 2016b Vantyghem et al. 2016; Tremblay et al. 2016; Russell et al. 2017) . Apart from Hydra A (Hamer et al. 2014) , ordered motion in disks or rings is largely absent. Instead the molecular gas lies in filaments and lumps that are often displaced from the center of the host galaxy. Their velocities and velocity dispersions are surprisingly low. Molecular clouds in central galaxies are often moving well below both the free fall speed and the velocity dispersions of the stars. Their low velocities and disordered motions suggest the clouds are young and have only recently cooled from the surrounding atmosphere. These properties are difficult to square with the long, ∼ 1 Gyr depletion timescale to star formation seen in Figure 9 .
In many systems the molecular gas is projected behind buoyantly-rising X-ray bubbles. Examples include Perseus Lim et al. 2008) , Phoenix (Russell et al. 2017 ), Abell 1835 , PKS 0745-091 (Russell et al. 2016a) , and Abell 1795 (Russell et al. 2017 ). This phenomenology indicates that the molecular clouds are being tossed around by rising X-ray bubbles or molecular cloud condensation is initiated by cool atmospheric gas lifted to higher altitudes in the wakes of buoyantly rising X-ray bubbles Li & Bryan 2014; McNamara et al. 2014; Brighenti et al. 2015; McNamara et al. 2016; Voit et al. 2017) . Both mechanisms are occurring at some level.
ALMA observations are providing clues to why hot atmospheres become thermally unstable when min(t cool /t ff ) lies well above 10. Indications are that uplift plays a central role. ALMA has shown that molecular clouds are moving well below free-fall speeds. Motivated by these results, we suggested in McNamara et al. (2016) that lifting parcels of gas that then fall inward in less than the free-fall speed can promote thermally unstable cooling, pushing min(t cool /t I ) toward unity. Infall timescales may be significantly larger than the freefall timescale, with the limiting timescale governed by the terminal speed of the clouds. This conjecture, which we have dubbed "stimulated feedback", posits that the AGN itself stimulates the cooling that fuels it. Similarly, Pizzolato & Soker (2005) suggested, similarly, that inhomogeneities created by jets and bubbles would initiate non-linear cooling eventually leading to molecular gas condensation. Voit et al. (2017) have added an uplift mechanism to their precipitation model. While uplift has emerged as a significant element of thermally unstable cooling, the relevance of the minimum value of t cool /t ff to thermally unstable cooling is, in our view, less clear. This conjecture is difficult to test because the gravitational potential wells of elliptical and brightest cluster galaxies are so similar that the free-fall timescales are nearly identical from system to system (Hogan et al. 2017b) . Therefore, most studies have exagerated the correlation between t cool /t ff and thermally unstable cooling which is instead driven by the cooling time. We cannot exclude a central role for the free-fall time. But observation provides little indication that a specific value or range of this ratio is driving factor.
Feedback stimulated by uplift may be a general phenomenon. Cooling may be stimulated by any mechanism that lifts low entropy gas out from the core of a galaxy. Mechanisms include rising radio bubbles, jets, or atmospheric sloshing initiated by a merger.
6. SUMMARY We investigated the molecular cloud properties of 55 central cluster galaxies with molecular gas masses lying between 10 8 − 10 11 M . Chandra X-ray observations were used to measure cluster mass profiles into the central 10 kpc of the clusters accounting for the mass of the central galaxy. Acceleration profiles, temperature, density, and other thermodynamic parameters were used to examine the possibility that the molecular gas formed through thermally unstable cooling from the hot atmosphere.
• Molecular gas at levels between 10 9 M and 10 11 M is preferentially observed in BCGs with cooling times less than 1 Gyr, or entropy index below 35 cm 2 at a resolved radius of 10 kpc. The corresponding star formation rates lie between 0.55 and 270 M yr −1 .
• Molecular gas mass is strongly and positively correlated with both central atmospheric gas density and atmospheric gas mass. These trends are consistent with the molecular clouds having condensed from the hot atmospheres.
• The molecular gas depletion timescales due to star formation lie below1 Gyr. The average depletion timescale 5 × 10 8 yr is a constant independent of molecular gas mass. This long timescale is in tension with ALMA observations showing the molecular gas has formed recently and has not relaxed to a dynamically stable configuration such as a disk or ring.
• Central galaxies rich in molecular gas lie in the range 10 min(t cool /t ff ) 25. This small observed range can be plausibly attributed to an observational selection effect, although real physical effects cannot be excluded. The range is inconsistent with models positing that thermally unstable cooling ensues when min(t cool /t ff ) 10, but is broadly consistent with the range found in chaotic cold accretion models (Gaspari et al. 2012 ).
• Large fluctuations in the central atmospheric gas density and temperature in response to AGN activity found in many feedback models are absent. Accordingly, no correlation between min(t cool /t ff ) and molecular gas mass is found.
• The tendency for molecular clouds to lie behind buoyantly rising X-ray bubbles suggests the molecular gas is being lifted directly and/or is condensing from thermally-unstable gas being lifted by the bubbles. We suggested here and elsewhere that the feedback loop may be stimulated by uplift from the X-ray bubbles themselves, and in some instances by ram pressure induced by atmospheric sloshing.
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